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ABSTRACT  The orientations of the transition dipole moments
in chlorophyll (Chl) are among the most useful spectroscopic prop-
erties for determining macromolecular architecture in photosyn-
thetic complexes; however, the relationships between these ori-
entations and the Chl molecular geometry are unknown. In order
to solve this problem, we have prepared single crystals of the syn-
thetic 1:1 complex between pyrochlorophyllide a and apomyoglo-
bin. The protein crystallizes readily in the orthorhombic (B) form,
space group P2,2,2,, and the unit cell dimensions are determined
to be within 0.5% of those for native MetMb crystals of the same
type. These green crystals are highly dichroic, and the strong ab-
sorption along the crystallographic @ axis in the Q, band is red-
shifted by about 9 nm, relative to the corresponding feature in a
solution of the protein. Although the crystal structure for native
Mb in this space group has not been determined, the direction
cosines of the heme normal relative to the crystal axes have been
measured. By using these values, an appropriate trigonometric
analysis, and the measured polarized single-crystal spectra, the
orientation of the Chl transition dipole moment for the Q, tran-
sition can be specified relative to the crystal axes. With the com-
pletion of the protein crystal structure, this result will lead directly
to the orientations of the optical transition dipole moments relative
to the molecular geometry. The effects of vibronic coupling and
the protein environment on the absorption properties of Chl are
discussed in detail.

Virtually every available spectroscopic method has been applied
to study the properties of the chlorophylls (Chls) and their par-
ent class of chromophores, the porphyrins (1). In spite of this,
very little information is available on the relationship between
oriented spectroscopic properties and the Chl structure (Fig.
1). Because photosynthetic reaction centers and most Chl-protein
complexes thus far have eluded crystallization, spectroscopic
methods provide the only means to obtain geometric informa-
tion on the architecture of photosynthetic systems. In partic-
ular, spectroscopy with polarized light—for example, linear
(2-4) and circular dichroism (5) or magnetophotoselection
(6-8)—has been used widely. In order to translate these data
from abstract relationships among vectors and magnetic axes
into concrete molecular orientations, one needs to know how
the transition dipole moments for the singlet excited states and
principal axis system for the zero-field tensor in the lowest trip-
let state are oriented relative to Chl's molecular geometry. In
addition, there has been a great deal of interest in the properties
of Chl dimers and higher aggregates, which may be key com-
ponents in the primary photosynthetic process and energy
transport (5). Again, the orientation of the Q, transition dipole
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moment within the monomer is essential for realistic calcula-
tions of the exciton interaction in these aggregates.

The obvious solution to this problem is to fully orient Chls
as a guest in a host crystal. We have chosen to use the heme
protein myoglobin (Mb), with the heme substituted by a variety
of chlorophyllides, to achieve this goal (9, 10). The advantages
of a protein host crystal for the spectroscopy of intrinsic chro-
mophores was originally demonstrated in elegant studies of fer-
ricytochrome ¢ (11) and monoclinic MetMb (12) by Eaton and
Hochstrasser, and studies of a variety of protein crystals have
followed (13, 14). The principal requirements for success are
that the chromophores under investigation be sufficiently dis-
tant from each other in the crystal to minimize interchromo-
phore interactions, and the chromophore excited states must
not interact with other intrinsic chromophores in the protein
host (15). Here we demonstrate that chlorophyllide-apoMb
crystals are ideal for this purpose, and obtain polarized spectra
of fully oriented Chl monomers.

EXPERIMENTAL
Pyrochlorophyllide a-apoMb complex (PChla—apoMb), ZnMb,
and MgMb were prepared as described (9, 10). PChla lacks the
native carbomethoxy group at position 10 (Fig. 1). This deriv-
ative is used because it avoids the stereochemical ambiguity
associated with epimerization at position 10 in native Chls, and,
as the carbomethoxy group is not conjugated, its absence does
not affect absorption in the red bands of the chromophore,
either in solution or in the protein (10). Well-formed single crys-
tals were grown from 1-2% (wt/vol) solutions of the complex
in 3.14 M sodium phosphate (pH 6.8). The protein crystallizes
as nearly hexagonal plates with a high dichroic ratio. Crystals
for optical spectroscopy were freed from debris and sealed in
the mother liquor between a coverslip and microscope slide.
Absorption spectra were obtained on a home-built microspec-
trophotometer. The light source was a tungsten/halogen lamp,
and the light was passed through a monochromater (<2-nm res-
olution), Glan-Thompson polarizer (extinction, >107), Leitz
adjustable field diaphragm, and strain-free optics. The spot size
was always much smaller than the crystal, and the image was
carefully optically masked to minimize artifacts from scattered
light (16). Given the crystal morphology, light propagates along
the ¢ axis, perpendicular to the plate, and the electric vector
of polarized light can be at any desired angle in the ab plane.
It proved possible to reorient certain crystals by applying pres-
sure to the coverslip. By this method both the thickness and OD
at 675 nm could be measured for a single crystal, though with
poor accuracy. Using a concentration of 0.042 M for the chro-

Abbreviations: Chl, chlorophyll; PChla, pyrochlorophyllide g;
PChla—apoMb, pyrochlorophyllide a-apomyoglobin complex.
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F1G. 1. Structure and numbering system for PChla.

molfhore in the crystal (14), we obtain g¢75 = 40,000 *+ 5000
M~ cm™ for Ejja.

A plate crystal of dimensions 0.8 mm X 0.4 mm X 0.15 mm
was mounted and sealed in a glass capillary and was transferred
to a multiwire area detector diffractometer at the University of
California at San Diego (17). A total of 51,667 reflections to a
resolution of 2.5 A were collected using Cu/Ka radiation (A,
1.545 A). Lattice parameters were continually recalculated dur-
ing data collection from about 100 intense reflections measured
in the region of reciprocal space where data collection was
occurring.

RESULTS

X-Ray Data. The crystals are orthorhombic, with space
group P2,2,2, (four molecules per unit cell). The unit cell di-
mensions are compared in Table 1 with those reported for native
orthorhombic MetMb in the classic study of Kendrew and Par-
rish (18) and are found to be within 0.5% of those for native
MetMb. Unfortunately a complete crystal structure has not yet
been obtained for this crystal form of MetMb. The normal to
the heme plane was determined by Bennet et al. (19) from an
ESR analysis of the g-tensor anisotropy for iron in orthorhombic
MetMb crystals, and the direction cosines for the heme normal
are included in Table 1. Roughly speaking, the macrocycle
plane is perpendicular to the crystallographic b axis, accounting
for the high dichroic ratio in both MetMb and PChla-apoMb
crystals.

Absorption Spectra. The absorption spectra of PChla-apoMb
single crystals for plane polarized light incident normal to the
ab crystal face and with the E vector parallel to the a and b axes
are compared in Fig. 2 with the solution spectrum. It is noted
that the absorption maximum for the Qy transition for El|a (675

Table 1. Crystallographic characteristics of orthorhombic
MetMb and PChla—apoMb

Direction cosines

Unit cell dimensions, A of heme normal

MetMb* PChla—apoMb in MetMb*
a=489 a = 48.70 (4) lzd = 0.13
b =40.2 b =40.17 (4) 25| = 0.95
¢c=1T9.3 ¢ =179.03(7) |z] = 0.29
* From ref. 18.
*From ref. 19.
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FiG. 2. Polarized absorption spectrum of PChla—apoMb ortho-
rhombic single crystals with the electric vector (E) parallel to the @ and
b crystallographic axes (—), compared with a solution spectrum (2.4
M sodium phosphate, pH 6.8) of the same protein (——-). (Inset) Wave-
length dependence of the polarization ratios [OD(a)/OD(b)].

nm) is red-shifted relative to that for Ef|b (666 nm) and the so-
lution (666 nm). The wavelength dependence of the ratio of the
measured OD parallel to the a axis [0OD(a)] to that parallel to
the b axis [OD(b)] is presented in Fig. 2 Inset. These ratios were
obtained from data on crystals of different thickness to ensure
good signal-to-noise ratios for both Ella and E||b spectra. The
full angular dependence of the sample OD at 675 nm is shown
in Fig. 3, and the data are compared to a calculated angular
dependence of the form:

OD(¢) = —log [107°P@ cos?¢ + 10~°P® sin?¢],

where ¢ is the angle between E and a. This is the angular de-
pendence expected for an orthorhombic crystal (20, 21) and
demonstrates the precision of the measurements. Orthorhom-
bic crystals containing mesopyrochlorophyllide ¢ [PChla in
which the vinyl group was hydrogenated (10)] and Zn-substi-
tuted PChla-apoMb showed a similar red shift in the Q, ab-
sorption maximum for El|a relative to solution spectra. By con-
trast, the absorption maxima of El|a for orthorhombic crystals

-of ZnMb and MgMb (Zn or Mg substituted for Fe) and

CO-Fe(II)Mb (14) showed spectral shifts of less than 2 nm rel-
ative to solution spectra for the Soret and Q transitions.

DISCUSSION

In earlier studies of the absorption properties of single crystals
of native heme proteins, the analysis was cast in terms of out-
of-plane z-polarized vs. in-plane xy-polarized transitions (11, 12,
14). This is an enormous simplification and is very reasonable
for heme because the 7-7* transitions are effectively degen-
erate in plane. This is clearly not applicable to the chlorophyl-
lides, which are very unsymmetrical. This is precisely what
makes the orientations of the transition dipole moments useful
in studies of reaction center structure. A further simplification
of the analysis of orthorhombic MetMb single-crystal optical
data is the facile conversion of experimentally determined ODs
into extinction coefficients in the crystal (14). This is accom-
plished by using the known extinction coefficients for solutions
of the protein and the reasonable approximation that certain
transitions (e.g., the Soret band) are strictly xy-polarized.
Again, this simplification is not justified for the chlorophylls,
and extinction coefficients must be determined by precise mea-
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Fic. 3. Dependence of ODg;5 of an orthorhombic crystal of
PChla-apoMb on the angle of the electric vector of incident light rel-
ative to the a axis: calculated angular dependence of the OD for an
orthorhombic crystal (—) and experimental data (+e++++). OD(a) and
OD(b) were measured to be 0.13 and 2.31, respectively, and no ad-
justable parameters were used. Calculated OD(¢) = —log[{10-°P@
cos?¢ + 107°0® gin24).

surements of crystal thickness. This is a very difficult experi-
ment and is subject to serious error, given the extremely platy
habit of orthorhombic PChla—apoMb. For this reason, our data
reduction is in terms of polarization ratios with the light prop-
agating along the c¢ direction.

It is noted that the absorption maxima for Elja and E||b are
shifted relative to each other and that the polarization ratio
changes substantially across the Q, band. The simplest expla-
nation for this observation is that more than one electronic state
is absorbing in this wavelength region. This is unlikely, based
on extensive circular dichroism, magnetic circular dichroism
(10), and fluorescence polarization studies (22) in solution. It
is conceivable that an out-of-plane polarized transition, for ex-
ample a weak n7r* state, is detectable because of the low Q, OD
along the b axis. However, a number of calculations suggest that
nar* states should be substantially higher in energy (23, 24). We
can rule out resonance (exciton) interactions as the source of the
shift because the chromophores are separated by at least one-
half the smallest unit cell dimension (=20 A, Table 1). Even for
the most favorable orientation of the transition dipole moments,
2(u’/R®) is about 24 cm™*, which is much less than the observed
200-cm ! shift [u is the transition moment magnitude (25) and
R is the interchromophore separation]. In the light of these
comments, we consider in the following section the optical
properties of orthorhombic PChla-apoMb crystals in which the
transition dipole moments are isolated. We will argue that this
spectral shift between El|a and E||b can be understood in terms
of vibronic coupling and anisotropic absorption for a single elec-
tronic transition.

Trigonometric Analysis. On the basis of extensive NMR data
(10) and the extremely good agreement between the unit cell
data for MetMb and PChla-apoMb (Table 1), it is very reason-
able to assume that the normal to the heme plane in MetMb
crystals and the normal to the PChla plane in PChla-apoMb
crystals are parallel to each other. With this assumption, we
construct the coordinate system (x,y,z) shown in Fig. 4: The
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Fic. 4. Coordinate system used for the analysis of the Chl tran-
sition dipole moment orientation, M. a, b, and ¢ are the crystallo-
graphic axes (the principal dielectric axes); the molecular axis z is de-
fined as normal to the heme plane and its orientation is determined
by the measured direction cosines along a, b, and ¢ (Table 1); our x
molecular axis is conveniently chosen as the intersection of the ab and

heme planes.

zaxis is defined as the normal to the PChla plane, with direction
cosines along a, b, and ¢ as given in Table 1. The orientation
of the chlorin around the z-axis is not yet known. Thus, the con-
ventional molecular axes labeled x and y in chlorins, to which
the Chl optical transitions Q, and Q, are arbitrarily referred,
cannot yet be specified relative to the crystallographic axes.
Therefore, we conveniently define a y molecular axis as the in-
tersection of the ab plane and the chlorin plane. The third axis,
i, also lies in the chlorin plane and is perpendicular to z and
X generating a right-hand coordinate system.

We begin with the simplifying assumption that the nonde-
generate transition moment lies strictly in the chlorin plane, at
some angle 0 relative to the y molecular axis. Then the tran-
sition moment vector M is given in terms of its components
along the y and ¢ molecular axes (unit vectors § and t):

M = fcosf + §siné. [1]
The ratio of OD as measured along the a and b crystallographic
axes is simply the ratio of the squares of the projections of the
moment along these axes (unit vectors é, and é,):
OD(@) _ (6 M _ [(6,* Roosd + @~ Phsindl® o)
OD(b) (¢, M)®  [(&, R)cosd + (&, - Psinb]* "
Because of the symmetry, all four chromophores in the unit cell
will exhibit identical polarization ratios; therefore, we can pick
one and proceed. Defining the direction cosines as z; = §; * 2

(i = a,b,c), we choose that chromophore for which z,, z;, and
z, are all positive and obtain:

& = 2\—1/2 A 7
ea'X_zb(l_zc) /; é
A A 2—1/2 4 N
€ X = —za(l_zc) /;eb.'l’

& k=0 e ¥

22,1 — 20) %

zz(1 — 27V

—(1 - )tV
- .

On insertion into Eq. 2, this gives:

OD(a) _ zjcot + zoz2cotd + 22,22, (3]
OD(b)  zlcotf + zzzZcot — 22,22,

Eq. 3 is plotted as a solid curve in Fig. 5 as a function of the only
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unknown, the angle 6. As expected, the function is double val-
ued because two orientations of M have an identical ratio of
squared projections along a and b.

The generalization to the case in which M can have some out-
of-plane z-component is straightforward and gives:
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The decrease observed in the polarization ratio between 680
nm and 650 nm is a consequence of the peak shift between the
Ella and E|b spectra. This may reflect the participation of vi-
bronic transitions of differing polarization within the unresolved
Q, (“0 <= 0”) envelope. Because the main pure electronic tran-

OD(a) Miza™' + Mizlzla™' + M222 + eM,Myz, 3,2,0"" + IM M,z 2,0 Y% + QM M 222, 0”12

oD(}) MizZa ™' + Myzizga™! + M%) — 2M, Mz, 25,07 — 2M, Mz, 207 + M M z 2”1 4)

where M = M ¢ + M,y + M 2 and @ = 1 — z2. We do not
expect the out-of-plane component of the main 7 — 7* tran-
sitions to be very large, and plots of Eq. 4 for small fractions of
out-of-plane moment (1% and 5%) are shown in Fig. 5 to illus-
trate their effects.

The solid curve in Fig. 5 is based entirely on the experi-
mentally determined direction cosines of the normal to the
heme plane and contains no adjustable parameters. With the
reasonable assumption that PChla is substituting for heme, this
curve can be used to extract the angle 6 for a nondegenerate
PChla Q, transition moment from the polarization ratio data in
Fig. 2. Because the observed polarization ratios are large, we
have the pleasant coincidence that the ratio vs. 6 curve is very
steep; thus, small variations in the measured polarization ratio
(e.g., caused by experimental error) make very little difference
in the computed angle.

The observed polarization ratios across the Q, (“0 «<—0”) band
vary from 6 to 24 (650-700 nm). Because it is not possible to
obtain polarization data for light propagating along another prin-
cipal dielectric axis, we cannot specify the out-of-plane com-
ponent, M,, and distinguish its effect from a rotation of M in
the plane. This increases the uncertainty in the orientation of
the moment; however, the effect is not very large. The value
of M, = % 0.05is probably as large as need be considered. Thus,
allowing the widest possible convolution of polarization ratio
range and an M, of +5%, we can already restrict the transition
dipole orientation to two ranges of angle: § = 45-68° or 8 =
132-176°. If, as discussed below, the variation of the polariza-
tion ratio across the Q, (“0 «— 0”) band is due to vibronic cou-
pling, then the polarization of the long-wavelength side of the
band reveals the orientation of the purely electronic transition.
By using the polarization ratios from 680 nm to 695 nm and
allowing M, = +5%, the orientation of the pure electronic di-
pole then falls within the narrower range of angle: 6 = 45-58°
or 6 = 154-176°. As explained below, consideration of the &
favors the former narrow region.

60 H

40 |/

0D (a)
OD (b)

20 +

FiG. 5. Plots of Eq. 3 for M, = 0.00 (—) and of Eq. 4 for M, =
+0.01 (---) and %=0.05 (-—— ), showing the predicted values for the
polarization ratios as a function of the unknown angle, 6, between the
transition moment under investigation and the y axis.

sition has a high measured polarization ratio (>20), the projec-
tion of its transition dipole onto the b axis must be quite small
in the 650- to 670-nm region. This allows the observation in the
E||b spectrum of small contributions of different polarization,
which could be vibronically induced. A quantitative analysis of
the polarization ratio in the 650- to 680-nm region is complicated
by the necessity to include in the treatment overlapping vi-
bronic lines of differing orientation (i.e., degeneracy). Thus,
Fig. 5, which is applicable in a vibronically resolved case to each
line, cannot be used to convert ratios into angles in the vibron-
ically unresolved 650- to 680-nm region. '

Vibronic Coupling. Vibronic coupling describes the conse-
quence of considering first-order perturbation by nuclear mo-
tion on the electronic states, which then couples an allowed
transition to a forbidden one or couples two nearby allowed
transitions (26). The effect of the latter case, which is important
here, on the polarization of transitions was described by Al-
brecht (27, 28). The prerequisites of an allowed, nearby, and
roughly perpendicular transition are satisfied by the Q, band
of Chl (22). The Soret bands, though more distant, are much
more intense and may also contribute. In vibronically resolved
crystal spectra of molecules with higher symmetry, individual
vibronic lines can appear in one polarized spectrum and essen-
tially vanish for the other polarization (29). PChla has lower
symmetry, and the spectrum is unresolved; thus, we are left
with “mixed polarization” (30). The effect of the nearby Q, tran-
sition on the Q, (“1 < 0”) vibronic band (at 620 nm) is evident
in fluorescence polarization experiments on Chl (22). Indeed,
the polarization ratio we observe at 620 nm is different from that
at 680 nm. We suggest that vibronic coupling also can explain
the difference in band shapes for E|la and E||b spectra and the
changing polarization ratio in the 650- to 680-nm region. The
unusual sensitivity of the measurements reported in this paper
to small vibronic components is simply the result of the partic-
ular orientation of PChla in this crystal form of PChla—-apoMb.

It is interesting to contrast the case of orthorhombic
PChlg-apoMb with that of MetMb, containing either Fe, Zn,
or Mg as the central metal. Because of the higher symmetry of
the porphyrin, the Q bands are best described as planar oscil-
lators; consequently, effects based on differing orientations of
the transition moment in the plane are not expected. In fact,
we observe no difference between the peak maxima in their
polarized spectra, which is fully consistent with the vibronic
interpretation of the PChla-apoMb crystal spectra.

The Unobserved E|lc Spectrum. Further quantitative anal-
ysis is handicapped by the lack of experimental data for E|ic or
an “isotropic” crystal spectrum. If this data were available, we
would know whether the protein crystal environment causes the
spectral shift seen for Ela relative to solution. Though we cannot
directly measure the peak position and relative intensity of the
E|lc spectrum, we can deduce approximate values for both as
follows. The ¢ for a random isotropic set of chromophores is
equal to the average of the three orthogonal projections of an
oriented set. The & of PChla—apoMb in solution is about 5.7
X 10* M~! em™! (10) and triple this value is about 171,000.
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Because £g;5 was measured to be about 40,000 + 5000 M ~'cm ™!

for E||a, over 120,000 is left unaccounted for and must be con-
tained in the unobservable E|lc spectrum. The total peak £ may
change upon crystallization (e.g., the band may broaden);
nevertheless, the conclusion remains that the greater part of the
total transition intensity partitions into the unobserved Ellc
spectrum.

We now consider and reject an argument that the peak po-
sition of this El|c spectrum may be shifted with respect to that
of E|ja through anisotropic absorption in the manner of the small
E||b peak. Shpolskii single-site fluorescence excitation spectra
of Chla and chlorin have established that the vibronic transitions
of these molecules in the Q, (“0 « 0”) region are much weaker
than the intense pure electronic origin (31, 32). It follows that
neither the large Elja or the larger E||c spectrum can be dom-
inated by vibronic contributions because the total vibronic con-
tribution in the Q, (“0 <— 0”) band is small. Thus, both the E|la
and E||c spectra are expected to exhibit peak maxima very close
to that of the pure electronic origin; the former is at about 675
nm, as discussed above.

Because the visible absorption spectrum of PChla-apoMb in
solution is indistinguishable from that of PChla in organic sol-
vents (9), it is surprising that crystallization has an impact on
the absorption spectrum. The dielectric properties in the im-
mediate vicinity of the chromophore should not change. It is
possible that the coordination number of the central metal
changes when the protein is crystallized. In all reported cases,
Zn-containing porphyrins are five coordinate (32), and because
Zn- and MgPChla-apoMb crystals both show the same spectral
shift, a change in coordination number is an unlikely mechanism
to produce the shift. It is possible that the vinyl group at position

. 2(Fig. 1) is rotated out of plane in the crystal but not in solution.
The equivalent vinyl group in monoclinic crystals of MetMb is
rotated substantially out of the heme plane (34). However, the
same spectral shift is observed when the vinyl group is removed
from conjugation by hydrogenation to an ethyl group. Fur-
thermore, ZnMb and MgMb, which contain the native vinyl
groups at positions 2 and 4, show no spectral shift. In fact, the
validity of the “oriented gas approximation” has been exten-
sively tested and confirmed for a wide variety of liganded hemes
in Mb in the identical space group (14). Thus, a remaining pos-
sibility is that the protein, upon crystallization, interacts dif-
ferently with the five-membered exocyclic ring V than it does
in solution. Possible interactions are hydrogen bonding to the
carbonyl group in ring V (conceivably to Arg-CD3) or electro-
static interactions with neighboring charged groups (a negative
charge in the vicinity of the carbonyl group is predicted to cause
a substantial red shift; J. Eccles and B. Honig, personal com-
munication). The former proposal could be tested by resonance
Raman spectroscopy and the latter with model compounds.

Finally, we have analyzed the angular dependence of
OD(c)/OD(a) (derived exactly as Eq. 3). The calculated
‘0OD(c)/OD(a) values for the pure electronic transition in the 6
= 45-58° region range from 1.0 to 2.2. This range is consistent
with the independent & considerations above. On the other
hand, the calculated OD(c)/OD(a) values from the 8 =
154-176° region range from 0.23 to 0.005, leading to an un-
realistically small average & of 20,000 or less for the Q, band.
For this reason, we consider this range of angle to be a poor
choice and favor 6 = 45-58° as the orientation of the Q, elec-
tronic transition moment.

In summary, we have provided spectroscopic data for chlo-
rophyll monomers. fully oriented in three dimensions and an
outline of a method of data amalysis that yields the orientation
of the transition dipole moment for the Q, band relative to the
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crystallographic axes. With the completion of the protein crystal
structure, these results will lead directly to the long-desired
orientation of the optical transition dipole moment relative to
the molecular geometry. The orthorhombic unit cell is also ideal
for studying the fully oriented ESR spectra of the lowest triplet
excited state and of the radical cation and anion.
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